Many genes are regulated by androgen and its receptor (AR), but the direct target genes of AR, especially those involved in spermatogenesis and male infertility, remain unclear. Here, we identified ubiquitin-conjugating enzyme E2B (Ube2b) as a critical target gene of AR. The expression of UBE2B was decreased in the testes of Sertoli cell AR knockout (S-AR À/y ) mice analyzed by quantitative RT-PCR (qRT-PCR) and immunofluorescence. The upregulation of Ube2b gene by testosterone was further demonstrated by Western blot and qRT-PCR in TM4 cells, a mouse Sertoli cell line. Moreover, luciferase assay, electrophoretic mobility shift assay, and chromatin immunoprecipitation assay validated that the ligand-bound AR activated Ube2b transcription via direct binding to the androgen-responsive element of the Ube2b promoter. In vitro analyses showed that testosterone increased UBE2B expression and activated H2A ubiquitylation, while downregulation of UBE2B blocked the testosterone-induced H2A ubiquitylation. The ubiquitylation of H2A was markedly decreased in the testes of S-AR À/y mice by immunohistochemistry. Digital gene expression analysis showed that 113 genes were significantly downregulated and 71 were upregulated by UBE2B in TM4 cells. These results suggest that Ube2b, as a direct AR transcriptional target in Sertoli cells, mediates the function of AR in spermatogenesis by promoting H2A ubiquitylation.
INTRODUCTION
Androgen and androgen receptor (AR) play important roles in spermatogenesis and male fertility [1] [2] [3] . AR belongs to a family of nuclear transcription factors that mediate the action of steroid hormones. It contains an N-terminal transactivation domain, a central DNA-binding domain, and a C-terminal ligand-binding domain. Cytoplasmic AR, when bound by androgens, translocates to the nucleus and binds to the androgen response elements (AREs) on target genes. Testicular AR was detected in Leydig cells, peritubular cells, and Sertoli cells (SCs) [4] . Androgens affect spermatogenesis indirectly via AR-expressing somatic cells, such as SCs or peritubular myoid cells [4] . However, the detailed cellular and molecular mechanisms by which androgens control germ cell development remain incompletely understood.
AR mutations cause a spectrum of hereditary disorders, such as androgen insensitivity syndrome and male infertility [5] . Meanwhile, the male total AR knockout mice exhibited femaletypical external appearance, which was similar to a human androgen-insensitivity syndrome or testicular feminization mutation in mice [6] . The testes of AR knockout mice were located abdominally, and the germ cell development was severely disrupted [6] . Selective ablation of the AR in SCs (S-AR À/y ) causes a complete block in meiosis [4, 7, 8] , while there was no difference in fertility between germ cell-specific androgen receptor knockout mice and wild-type (WT) mice [9] , supporting the concept that SCs play a key role in the control of spermatogenesis by androgen signaling. Transcriptional profiling studies with AR knockout mouse models to search for androgen-regulated genes relevant to spermatogenesis have identified many candidate target genes of AR, such as Rhox5, Gpx5, Lcn5, Tubb3, Crisp1, and Eppin [10] [11] [12] [13] [14] . However, with the exception of Rhox5, the identified subsets of genes show little overlap. Further research will be needed to decide which of these genes are physiologically relevant, and to identify the genes that can be used as diagnostic tools or targets to modulate the effects of androgens in spermatogenesis.
Previous studies have identified some differentially expressed genes in the testes between WT and S-AR À/y mice [10, 12, 13] . Our previous digital gene expression (DGE) data showed that ubiquitin-conjugating enzyme E2B (Ube2b; also known as Rad6b or Hr6b) was downregulated in S-AR À/y mouse testes compared with WT mice [13] , which indicated that androgens might regulate Ube2b expression. Ube2b is highly conserved, and its protein sequence is exactly the same among mice, rats, and humans. UBE2B is a member of the group of ubiquitin-conjugating enzymes, which mediates H2A and H2B ubiquitylation and function during transcription [15, 16] . It has been reported that the mutations of UBE2B were associated with male infertility in humans [17, 18] , and the Ube2b knockout male mice were infertile, with low numbers of predominantly abnormal spermatozoa, abnormal spermatid nuclear condensation, sperm periaxonemal anomalies, damaged synaptonemal complex structure, and/or increased crossing-over frequency [19] [20] [21] . Compared with Ube2b knockout mice, total AR knockout mice exhibited more severe phenotypes, including the observations that testes were located abdominally and germ cell development was severely disrupted [6] .
In the present study, we identified the Ube2b gene as one of the direct targets of AR, and its expression was significantly downregulated in the testes of S-AR À/y mice. In vitro analyses showed that UBE2B was critical for AR-induced H2A ubiquitylation in TM4 cell lines. These observations suggest that the low expression of UBE2B in the testes of S-AR À/y mice may be one of the factors that impair spermatogenesis and cause male infertility.
MATERIALS AND METHODS

Animals
S-AR
À/y mice were gifts from Dr. Chawnshang Chang, and C57BL/6 mice were purchased from the Southern Medical University Animal Center, China. All animals were treated according to the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources for the National Research Council. The study was approved by the local ethics committee.
The effects of antiandrogen flutamide and testosterone on the expression of Ube2b mRNA were studied in 7-day-old male C57BL/6 mice. A total of 30 mice were divided into 3 groups randomly, and each group was treated with flutamide (50 lg/animal/day) for 5 days [14] , flutamide for 5 days followed by testosterone treatment (50 lg/animal/day) for 5 days, or corn oil for 10 days, respectively.
Cell Culture
Two mouse SC lines, TM4 and 15P1, were obtained from the American Type Culture Collection. The cells were maintained in Dulbecco modified Eagle medium (Life Technologies, Rockville, MD) supplemented with 10% fetal bovine serum at 378C in a humidified atmosphere with 5% CO 2 . The cells were treated with 10 nM testosterone for 24 h in all experiments [13] .
Quantitative Real-Time RT-PCR
Total RNA extraction and quantitative real-time RT-PCR (qRT-PCR) reactions were performed as described previously [22] . The primers for Ube2b were 5 0 -GCAGCTGCGGAGCATGTCGA-3 0 (forward) and 5 0 -CA GATGGGGCGCCACTGACC-3 0 (reverse), with Gapdh as internal control. The primers for Gapdh were 5 0 -GAGGCCGGTGCTGAGTATGTCGTG-3 0 (forward) and 5 0 -TCGGCAGAAGGGGCGGAGAT-3 0 (reverse). Data were calculated according to the Applied Biosystems comparative Ct method.
Western Blot
The protein extracts of TM4 cells (20 lg) were subjected to 12% SDSpolyacrylamide gel and transferred to nitrocellulose membrane. After being blocked in 5% nonfat milk, the membrane was incubated with rabbit anti-UBE2B antibody (1:1000; 10733-1-AP; Proteintech, Chicago, IL), mouse antiubiquityl-histone H2A (1:1000; 05-678; Millipore, Billerica, MA), mouse antiubiquityl-histone H2B (1:1000; 05-1312; Millipore), or mouse anti-actin (1:5000; Sigma, St. Louis, MO) overnight at 48C, followed by horseradish peroxidase (HRP)-linked secondary antibody for 1 h at room temperature (1:5000; SA00001-1/SA00001-2; Proteintech). Immunoreactive bands were visualized by the Chemiluminescence Phototube-HRP kit (WBKLS0500; Millipore).
Immunofluorescence and Immunohistochemistry
Paraffin sections were prepared as described previously [7] . After being blocked in 10% goat serum, the sections were incubated with anti-UBE2B antibody (1:500) overnight at 48C. The sections were washed with PBS and incubated for 1 h at 378C with the secondary antibodies (anti-rabbit-Cy3; 1:10 000; 111-165-045; Jackson ImmunoResearch Laboratories, West Grove, PA).
To detect H2A and H2B expression, the sections were incubated with antiubiquityl-Histone H2A (1:75; no. 8240; Cell Signaling Technology, Beverly, MA) or anti-ubiquityl-histone H2B (1:100) overnight at 48C. The sections were MOU ET AL.
FIG. 2. The age-dependent expression of UBE2B in mouse testes.
A) The expression of Ube2b mRNA in mouse testes at indicated ages were determined by qRT-PCR. After normalizing to Gapdh, the relative expression of Ube2b in testes at different ages was compared to that at 1W. B) The expression of Ube2b in WT mice was examined by immunofluorescence analysis. The localization of UBE2B was labeled with UBE2B antibody (red). Cell nuclei were labeled with DAPI (blue). Bar ¼ 20 lm. Arrow indicates SCs and arrowhead indicates spermatids. Data are expressed as the mean 6 SD (n ¼ 5). 
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washed with PBS and incubated for 1 h at room temperature with the secondary antibodies (KIT-5001/KIT-5005; Maixin, Fuzhou, China).
RNA Interference
TM4 cells were seeded in a six-well plate and transfected with 200-pmol pools of six target-specific siRNAs against Ube2b (siUbe2b-1,
0 ; and siUbe2b-6, 5 0 -CCUGCAGAAUCGAUG GAGUTT-3 0 ) and a negative control sequence (siCtrl, 5 0 -UUC UCCGAAC GUGUCACGUTT-3 0 ) using Lipofectamine 2000 (11668-019; Invitrogen, Carlsbad, CA) according to the manufacturer's protocols.
Plasmids Construction and Site-Directed Mutagenesis
The Ube2b promoter p1814-LUC was amplified by PCR with the primers 5 0 -CTTGTTACCGGCCCAGGGGATTTA-3 0 (forward) and 5 0 -CGC CGCCGCCACCGAGAC-3 0 (reverse) from TM4 genome; p1139-LUC was amplified by PCR with the primers 5 0 -GCTGGGGGCTGTGGTGGTCAATG -3 0 (forward) and 5 0 -CGCCGCCGCCACCGAGAC-3 0 (reverse); p882-LUC was amplified by PCR with the primers 5 0 -CCCCACCGCAGGCAAATTCA CAGA-3 0 (forward) and 5 0 -CGCCGCCGCCACCGAGAC-3 0 (reverse); p343-LUC was amplified by PCR with the primers 5 0 -GCGGCGCTGGCGGTCAC -3 0 (forward) and 5 0 -CGCCGCCGCCACCGAGAC-3 0 (reverse). The PCR products were subcloned into psiCHECK-2 vector (C8021; Promega, Madison, WI) with KpnI/NheI sites. The mutant Ube2b promoter (Ube2b-Mut) at position À761 to À755 (GGAACA to TTCCAC) was generated as described previously [23] . All clones were verified by DNA sequencing.
Luciferase Assay
Two mouse SC lines, TM4 (6 3 10 4 cells/well) and 15P1 (8 3 10 4 cells/ well), were seeded in a 24-well plate and transfected with pcDNA3.1-AR (200 ng) together with different Ube2b promoters (500 ng). After overnight transfection, cells were treated with 10 nM testosterone or ethanol vehicle for 24 h before luciferase assay. Renilla and firefly luciferase activities were measured using the Dual-Luciferase Reporter assay system (E1910; Promega). Renilla luciferase data have been normalized to firefly luciferase data. After normalization for transfection efficiency, induction factors were calculated as the ratios of the average value of the luciferase value of the testosteronestimulated samples vs. ethanol vehicle-treated samples. A promoterless construct, pLUC, and the mouse mammary tumor virus long terminal repeat, pMMTV-LUC, were included as negative and positive control, respectively.
Electrophoretic Mobility Shift Assay
Nuclear extracts isolated from TM4 cells were prepared and electrophoretic mobility shift assay (EMSA) was performed using LightShift Chemiluminescent EMSA Kit (20148; Pierce, Rockford, IL) according to the manufacturer's protocols with some modifications. Briefly, TM4 cells were seeded in a 100-mm dish and transfected with pcDNA3.1-AR (6 lg). Ube2b AS A NOVEL TARGET OF ANDROGEN RECEPTOR added. The DNA-protein complex was separated in 6% nondenaturing polyacrylamide gel by electrophoresis, then the DNA-protein complexes were transferred onto nylon membranes and detected by chemiluminescence.
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assay analysis was performed as described previously using anti-AR antibodies [22] with some modifications. Briefly, TM4 cells were seeded in a 100-mm dish and transfected with pcDNA3.1-AR (6 lg). After overnight transfection, cells were treated with 10 nM testosterone for 24 h before ChIP. Immunoprecipitated DNA fragments were analyzed by semiquantitative PCR amplification using primers for Ube2b. The primers for Ube2b were as follows:
Primer 1 (À1511 to À998), 5 0 TTTTTGGCGGGGAGGGATGAGACG 3 
DGE Analysis
TM4 cells were transfected with AR and siUbe2b or scramble control siRNA. After overnight transfection, cells were treated with 10 nM testosterone for 24 h. Total RNA (5 lg) of each sample was sent to Beijing Genomics Institute at Shenzhen for DGE sequencing. The DGE sequencing procedure was described previously [13] . Three repeats were carried out.
Statistical Analysis
All experiments were repeated at least three times. Data were expressed as the mean 6 SD. Student t-test was used to compare the difference between two groups. A P value , 0.05 was considered to be statistically significant.
RESULTS
Temporal Profile of UBE2B Expression During Mouse Testis Development
The expression of Ube2b mRNA was examined in different tissues by qRT-PCR. The results show that Ube2b mRNA was highly expressed in the testes compared with other tissues (Fig.  1) . To detect the expression of UBE2B during testicular development, qRT-PCR and immunofluorescence analysis were carried out. The results show that UBE2B expressed in the testes during all the stages and increased from the Postnatal Week 1 (1W) to 8W (Fig. 2, A and B) . As shown in Figure 2B , UBE2B was mainly located at the SCs from 1W to 4W, and also expressed in the spermatid at 8W.
Downregulation of UBE2B in the Testes of S-AR
À/y
Knockout Mouse
The expression of Ube2b mRNA was assessed by qRT-PCR in the testes from 10-wk-old WT and S-AR À/y mice. The results show that Ube2b mRNA was decreased about 2-fold in the testes of S-AR À/y mice compared with WT mice (Fig. 3A) . As previously reported [24] , UBE2B was mainly expressed in SCs (Fig. 3B) . Compared with WT mice, the expression of UBE2B in the SCs of S-AR À/y mice was also markedly decreased, as determined by immunofluorescence analysis (Fig. 3, B and C) .
Upregulation of UBE2B Expression by Testosterone
To investigate whether testosterone regulates UBE2B expression, TM4 cells were treated with 10 nM testosterone for 24 h. The results show that UBE2B expression was upregulated at both the mRNA and protein levels (Fig. 4, A and  B) . To further confirm that the reduced UBE2B expression was not due to the loss of germ cells in S-AR À/y testis, 7-day-old WT mice were treated with antiandrogen flutamide for 5 days. As shown in Figure 4C , the expression of UBE2B was significantly decreased after flutamide treatment. When the mice were further treated with testosterone for another 5 days, the expression of UBE2B recovered to the control level (Fig.  4C) , which indicates that testosterone could reverse the repressive effects of flutamide on Ube2b expression.
Direct Binding of AR to the Promoter of Ube2b
In order to assess which portions of the promoter were involved in the regulation of Ube2b expression, a series of deletion constructs were generated and TM4 and 15P1 cells were transiently transfected. The element that responds to testosterone induction was located between nucleotides À882 and À343 (Fig. 5, A and B) . Based on the comparison of the sequence of Ube2b promoter for potential ARE with the consensus sequence, a putative ARE (À761 to À755; GGAACA) was identified in the AR promoter region (Fig.  6A) .
To provide direct evidence that the AR-binding site within the Ube2b promoter actually contributed to testosteroneinduced Ube2b transcription, we performed site-directed mutagenesis of the AR-binding site in Ube2b promoter. Sequences change from GGAACA (at position À761 to À755) to TTCCAC in this ARE significantly eliminated Ube2b promoter regulation by testosterone in TM4 and 15P1 cells (Fig. 5, A and B) . These results suggest that the AR-binding site within the Ube2b promoter was required for Ube2b promoter regulation by testosterone. Collectively, these results provide evidence that testosterone-AR complex increases Ube2b expression through direct binding to the Ube2b promoter.
In order to further clarify AR directly binding to Ube2b promoter, EMSA was performed. Due to the low endogenous expression of AR in the mouse testes, pcDNA3.1-ARexpressing plasmid was transfected into TM4 cells in order to amplify the signal for EMSA in which probes were labeled by biotin. As demonstrated in Figure 6B , the nuclear extracts of AR-overexpressing cells with testosterone treatment significantly bound to WT ARE probe (Fig. 6B, lane 2) , and the binding was not observed with mutated probe (Fig. 6B, lane 3) . Similarly, this binding ability was completely blocked by the addition of 200-fold molar excess of unlabeled ARE probe (cold probe) (Fig. 6B, lane 4) . Furthermore, AR was also identified in the ARE-Ube2b/AR complex by supershift analysis using anti-AR antibody (Fig. 6B, lane 5) .
Moreover, ChIP was employed to analyze the binding ability of AR to Ube2b promoter. PCR assays using the FIG. 7. Effects of testosterone on histone ubiquitylation in TM4 cells. TM4 cells were treated with testosterone in combination with transfection of AR plasmid, and Western blot was performed to evaluate the ubiquitylation level of H2A (A) and H2B (B). C) TM4 cells were transiently transfected with siCtrl or siUbe2b. The expression of UBE2B was examined by Western blot. D) TM4 cells were transfected with AR and siUbe2b. Western blot was performed to evaluate the ubiquitylation level of H2A. Data are expressed as the mean 6 SD (*P , 0.05). Ctrl, vehicle; T, testosterone.
Ube2b AS A NOVEL TARGET OF ANDROGEN RECEPTOR primers that cover 1511 bp of the 5 0 regulatory region of the Ube2b promoter in TM4 cells showed that AR bound to two regions (regions À1093 to À705 and À883 to À405) of Ube2b promoter (Fig. 6C) . These results indicate that AR had DNAbinding ability to Ube2b promoter.
Ubiquitylation of H2A and H2B in TM4 Cells Treated with Testosterone
It has been reported that UBE2B mediates H2A and H2B ubiquitylation. We examined the effects of testosterone on ubiquitylation levels of H2A and H2B in TM4 cells, and found that the ubiquitylated H2A (uH2A), but not uH2B, was significantly increased by testosterone (Fig. 7, A and B) . When the cells were transfected with siUbe2b to knock down its expression (Fig. 7C) , the ubiquitylation level of H2A did not change significantly after testosterone treatment (Fig. 7D) . These results suggest that the testosterone-induced H2A ubiquitylation depended on the expression of UBE2B in SCs.
Decreased Ubiquitylation of H2A in the Testes of S-AR À/y
Knockout Mouse
The ubiquitylation of H2A and H2B was examined by immunohistochemistry in the testes from 10-wk-old WT and S-AR À/y mice. Strong signal was detected in SCs and spermatocytes of testes (Fig. 8, A and B) . Compared with WT mice, the ubiquitylation of H2A, but not H2B, in the testes from S-AR À/y mice was markedly decreased (Fig. 8, C and D) .
Identification of UBE2B-Regulated Genes in TM4 Cells
To identify UBE2B-regulated genes in SCs, the expression profiles of Ube2b knockdown cells were detected by DGE analysis in TM4 cells. There were 184 differentially expressed genes showing more than 2-fold changes for at least two repeat experiments ( Fig. 9 and Supplemental Table S1 [all Supplemental Data are available online at www.biolreprod.org]). Of these genes, 71 were downregulated and 113 were upregulated in Ube2b knockdown cells compared with control cells (Supplemental Table S1 , Fig. 9 ). Pathway analysis of these Ube2b-regulated genes showed an enrichment of pathways in glycosylphosphatidylinositol (GPI)-anchor biosynthesis and oxidative phosphorylation (Supplemental Table S2 ).
DISCUSSION
Accumulated evidence indicates that androgen signaling is an essential pathway in spermatogenesis. Mutations of AR have been detected in human families with defects in spermatogenesis and male infertility [25, 26] . S-AR À/y knockout mice have been shown to undergo impaired spermatogenesis and subsequently develop male infertility. In the present study, our experiments demonstrated that androgen and its receptor upregulated the expression of Ube2b by directly binding to its promoter, and androgen increased the ubiquitylation of histone H2A via UBE2B. Such findings shed light on the molecular mechanism for abnormal spermatogenesis and male infertility in S-AR À/y mice. In order to understand the molecular basis of male infertility caused by the loss of AR function in SCs, it is important to identify the target genes of AR. Although a few AR-regulated genes, such as Rhox5, Gpx5, Lcn5, Tubb3, Crisp1, and Eppin, have been identified, Rhox5 was the only gene identified in all of the studies on AR knockout mice [14, [27] [28] [29] [30] [31] . However, targeted mutation of Rhox5 in male mice only leads to subfertility, marked by increased germ cell apoptosis, reduced sperm number, and reduced sperm motility [32, 33] . So knockout of Rhox5 gene has only limited effects on fertility of male mice compared with knockout of AR gene. Therefore, some other genes must be involved in the AR signals controlling spermatogenesis. Our present study demonstrates that Ube2b is a direct target of AR in mouse SCs. The observation that the strongest UBE2B staining was detected in Ube2b AS A NOVEL TARGET OF ANDROGEN RECEPTOR SCs was in agreement with previous reports [24] . The expression of Ube2b in the testes was downregulated in S-AR À/y mice in contrast with the WT mice. These results suggest that AR-regulated Ube2b expression was crucial for the meiosis process.
As expected, a potential ARE sequence (À761 to À755; GGAACA) was found to be located in Ube2b promoter. EMSA and ChIP assay proved that AR has DNA-binding ability to Ube2b promoter. Moreover, the Ube2b promoterdriven luciferase activity is upregulated by testosterone. All these results suggest that AR directly binds to Ube2b promoter and upregulates Ube2b expression. Such regulation may be one of the mechanisms that assure normal spermatogenesis; besides, Ube2b knockout mice developed the male infertile phenotype that was characterized by meiosis arrest [15, 16] . So, in S-AR À/y mice, the low expression of Ube2b may impair spermatogenesis. However, the molecular events leading to abnormal spermatogenesis by the low expression of UBE2B in S-AR À/y mice are not clear. The histone posttranslational modifications, such as acetylation, methylation, phosphorylation, sumoylation, and ubiquitylation, have been linked to the regulation of cellular activities, such as gene transcription, repair, replication, and silencing [34] . Previous work has shown that UBE2B mediated H2A and H2B ubiquitylation and function during transcription [15, 16] . H2A ubiquitylation that occurs at lysine 119 leads to gene silencing or repression, while H2B K120 monoubiquitylation has been linked to gene activation and transcription elongation [35] . Our experiments showed that testosterone increased the ubiquitylation level of H2A, but not H2B, by UBE2B. Interestingly, the loss of AR function in SCs resulted in lower H2A ubiquitylation in both SCs and germ cells of S-AR À/y mice. SCs function as ''nurse cells.'' The communication between the germ cells and the SCs is essential for spermatogenesis. It is possible that androgen and its receptor regulate the expression of Ube2b in SCs and affect H2A ubiquitylation in both SCs and germ cells. DGE analysis also reveals that UBE2B plays a role in regulation of GPI-anchor biosynthesis and oxidative phosphorylation, which may be novel UBE2B-regulatory pathways.
In conclusion, we have identified Ube2b as a novel target of AR in SCs, and proposed a mechanism by which the loss of AR function in SCs impairs spermatogenesis and causes male infertility. In normal SCs, AR upregulated Ube2b gene expression by directly binding to its promoter region. The loss of AR function resulted in a decrease in Ube2b expression in S-AR À/y mice. The relatively low expression of Ube2b may impair H 2 A ubiquitylation and result further in abnormal gene expression. As a consequence, abnormal spermatogenesis occurs, leading to male infertility, as seen in S-AR À/y mice. These results support a role for the AR-UBE2B axis in spermatogenesis, and further implicate the AR-UBE2B axis as a potential therapeutic target, especially for those with male infertility resulting from aberrations in AR expression.
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